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FOREWORD 

This computer program manual presents the results of work 

performed by Lockheed's Huntsville Research & Engineering 
Center f o r  the Propulsion and Vehicle Engineering Laboratory of 
Marshall Space Flight Center. 

NAS8-21150 and was monitored by James  L. Moses of R-P&VE-PTE. 

The work was done under Contract 

This document constitutes Volume I1 of a two-part final 

report  for the investigation completed under this contract. 
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SUMMARY 

The computer program which is described in this repor t  was specifically 

designed to calculate heating ra tes ,  surface pressures ,  forces and moments for 

a body subjected to rocket exhaust impingement, however, it is capable of ana- 
lyzing impingement due to any supersonic flow field. 

P r e s s u r e s  a r e  calculated in continuum flow using modified Newtonian 
theory; in f ree  molecular flow using kinetic theory; and i n  transitional flow 

using empirical  relations hips. 

Convective heating rates  in the continuum or transitionalflow regimes a r e  

calculated along streamlines using a streamline divergence technique. 
values for continuum -laminar, continuum -turbulent and transitional flow a r e  

obtained a t  the stagnation point and then distributed over the body according 

to the streamline divergence. Momentum Reynolds number transition c r i te r ia  
a r e  output i n  order  for the u s e r  to choose the most applicable of the three heat 
rates that a r e  provided, F r e e  molecular heating ra tes  are also calculated a t  

each elemental a r e a  f rom an energy balance-type equation and the decision of 

which flow regime to consider is simplified by a printout of the applicable flow 

r e  gime. 

Heating 

The analytical methods used in performing the calculations are described 

in a report  referenced in the document. 

structure of the program, its routines and the basic capabilities and restrictions. 

Also, an input guide with an example problem is included. 

This report  describes the general  

The pr0gra.m is designed to run on the Univac 1108 digi ta l  computer and 

is written completely in  For t ran  I V  language. 
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Section 1 

INTRODUCTION 

A r o  k t exh ust 
surfaces o r  spacecraft. 

onstitutes a hostile environment for any adjacent 
Structural loads, heating, radiation and surface 

erosion a r e  some of the deleterious effects which may occur. 
predict the severity of the efiects, an analytical tool has been developed 

which will  aid in the design of systems where such problems are anticipated. 

In order to 

This document describes a state-of-the-art computer program capable 

of receiving information concerning the rocket exhaust and determining space - 
craft  surface pressures ,  loads and heating. 
spacecraft a r e  a lso presented so that erosion and contamination effects may 

subs e que nt ly  be analyzed. 

Surface flow conditions on the 

The computer program is described in sufficient detail to  provide the 

reader with an  intimate under standing of the program organization, utili- 

zation and capabilities. 

the analysis techniques presented in a companion report, Reference 1. 

This report  describes the actual mechanization of 
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Section 2 
DISCUSSION 

The computer program reported here computes pressure  loads and 

heating experienced by a spacecraft or body in a supersonic flow field. A 
unique vector and mat r ix  mathematical treatment of the body location and 
i ts  geometrical description is used to streamline the calculational procedure 
and to  simplify interpretation of the results. 

The basic program consists of approximately 57 separate routines to  

perform the vector and mat r ix  operations, surface integration, (described 

in Reference 1) and perform various tape search  and interpolation operations. 
The nucleus of the program is a finite difference integration scheme. 

surface pressures  and heat ra tes  a r e  calculated for  each elemental a r ea  and 

forces and torques a r e  integrated over the whole body. 

used in the program are obtained automatically f rom a tape generated by 

Lockheed's Method-of-Characteristics Computer P rogram (References 2,3 
and 4). 

Body 

Local flow properties 

As an aid in the familiarization of the reader with the program's OF- 

ganization and operation, the discussion is divided into five subsections. 

These subsections are:  

0 A discussion of the basic capabilities and restrictions of the 
program 

A' brief description of each of the basic routines, in  flow chart 
form, and a brief discussion of the supporting routines 

0 

0 A definition of each of the common variables 

0 

0 

A discussion of the basic flow of the program 

A detailed discussion of each individual routine used in the 
program. 

2 
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Other sections of the report  describe the input format, and an application in 
the fo rm of an example problem is presented, 

2.1 BASIC CAPABILITIES 

e Axisyrnmetric o r  two-dimensional bodies may be treated. 
The body geometry is described by: (1) conic sections; (b) 
circular plates; or (c) rectangular plates. 
of these three basic shapes may be used up to  a maximum of 
100 shapes. 

Any combination 

0 Continuum, transitional o r  free molecular loads and heating 
a r e  automatically calculated. 

0 A printout of surface impact pressure and heating data for 
each elemental a rea ,  o r  a limited output of force and torque 
may be selected. 

e Options a r e  available which allow the user  to consider the 
body in uniform flow at: 

a. 
b. 
c. 
d. 

The composite structure origin only; 
The origin of each subshape; 
A t  each elemental r i n g  along the stagnation line; and 
Each elemental a r ea  (see Figure 1 on page 107 for 
for definition of body geometry). 

o The flow f ie ld  used to determine local properties may be 
axisymmetric o r  two-dimensional. 

e . The program utilizes automatic communication with the flow 
f ie ld  tape. 

Dissimilar units of length may be used in the flow field and 
the impingement description. 

Three different options may be used to calculate local flow 
proper tie s. 

0 

e 

2.2 BASIC RESTRICTIONS 

e The composite structure is considered to be a rigid body, 

e 

0 

Continuum heating is limited to axisymmetric body geometry, 

Analytical restrictions a r e  imposed by theoretical methods 
used in the flow field analysis, heating analysis, force and 
moment calculations as desribed in Reference 1 through 6. 

3 
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Section 2.3 

BRIEF DESCRIPTION O F  ROUTINES 

The following subsection contains a brief description of the 57 indi- 
vidual routines which comprise the impingement program. 
main routines, which perform the basic logic, are presented in  the 
fo rm of flow charts  and supporting routines are described verbally, 
The routines are grouped into- general  categories as indicated below. 

The 

0 Basic Routines 
0 Vector Manipulation Routine s 

e General Flow Proper ty  Routines 

0 Shock Calculation Routines 

0 Tape Manipulation Routines 

e Continuum Heating Routines 

e Noncontinuum Heat Transfer  Routines 
e Other Routines 
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CONIC 
Provides logic 
for surface 
integration of 
conic subshape 

G PLATE 
Provides logic 
for surface 
integration of 
circular plate 
subshape 

R PLATE 
Provides logic 
for surface 
integration of 
rectangular 
plate subshape Calculates New- 

tonian pressures.  

FLOW CHART OF THE BASIC ROUTINES 

5 



Routine 

ADDV 

COSDO T 

CROSS 

DOT 

POSTM 

SCALEV 

TRANS 

VMAG 

LMSC/HREC A791231 

VECTOR MANIPULATION ROUTINES 

Function ' 

adds two vectors 

finds included angle between two vectors 

c ross  multiplies two vectors 

dot multiplies two vectors 

transforms a vector f rom one coordinate 
system to another 

multiplies a scalar t imes a vector 

transposes a matr ix  

calculates the magnitude of a vector. 

6 
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Routine 

EMOFV 

POFEM 

RGVOFM 

RHOFEM 

TABLE 

TOFEM 

TOFV 

UOFEM 

UOFV 

VOFEM 

GENERAL FLOW PROPERTIES ROUTINES 

Function 

finds Mach number as a function of ve- 
locity 

finds static pressure  as a function of 
Mach number and entropy 

finds velocity as a function of Mach 
number and entropy. Gas properties 
are not known prior  to  entry 

finds density as a function of Mach 
number and entropy 

finds local gas properties for  a n  entropy 
and velocity. 
e r t ies  read from flow field tape 

It uses  a table of gas prop- 

finds static temperature  as a function of 
Mach number 

finds static temperature as a function of 
velocity 

finds Mach angle at a Mach number 

finds Mach angle as a function of velocity 

finds velocity as a function of the Mach 
number 

7 
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Routine 

DELTAF 

ENTROP I 

ESHOCK 

WEAK 

SHOCK CALCULATION ROUTINES 

Function 

computes the turning angle through an 
oblique shock wave knowing the shock 
angle and the  upstream Mach number 

finds entropy rise a c r o s s  a shock as a 
function of the shock angle and upstream 
Mach number 

uses  an i terative solution to perform 
equilibrium shock calculations 

finds entropy and velocity downstjream 
of a shock. 

a 



Routine 

JPLGRD 

JPLTAP 

READB 

READF 

TAPMOV 
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TAPE MANIPULATION ROUTINES 

Function 

changes the gas properties from MKS 
units to  English units 

reads the gas properties from the flow 
field tape 

reads the boundary points from the flow 
field tape 

reads the left running characterist ic lines 

moves the flow field tape past the gas 
data to  the start of the flow field. 

9 



Routine 

CONTH 
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CONTINUUM HXA TINC ROUTINES 

PLUME 

PROPTY 

ONEVAR 

Function 

controls heating rate calculations and 
constructs streamlines 

calculates heating rates at each point 
on body 

calculates gas  mixture transport  
properties as a function of composi- 
tion and temperature 

inte rpolat ion routine 

I 

10 



LMSC/HREC A791231 

Routine 

CHTRAN 

ENTPR 

GAMING 

CACl 

CACUBR 

BLSOL 

TRAPZ 

NONCONTINUUM HEAT TRANSFER ROUTINES 

Function 

dr iver  subroutine which decides the 
applicable Regime (I o r  11) for  the low 
density flow 

calculates the enthalpy function pro- 
file in the shock layer 

computes the value of the incomplete 
gamma function 

computes the slope of the linear por- 
tion of the velocity profile in the shock 
layer 

computes the full  velocity profile i n  
the shock layer 

performs numerical  solution of the 
coupled momentum and energy equa- 
tions in the shock layer 

used in a trapasoidal integration pro- 
cess. 

11 



Routine 

ERF 

FNUDSEN 

HEAD 

ITSUB 

PRINT 

TJLANSIT 

LMSC/HREC A791231 

OTHER ROUTINES 

Function 

computes the e r r o r  function for routines 
FMLOAD and FREEMH 

finds the Knudsen number 

page ejects the printer and writes the 
header 

controls the iteration fo r  velocity 

outputs the information at each 
elemental area 

calculates transitional values of heating 
and pressure  from continuum and f r e e  
m ole cular values . 

12 



Section 2.4 

DEFINITION OF ALL COMMON VARIABLES 

This subsection provides a definition of each 
variable found in  a "COMMON' block in the 
program. 
they appear in  their  respective "COMMONtt 
block with the llCOMMON1t blocks organized 
in  alphabetical order,  

The variables a r e  presented a s  

13 
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COMMON VARIABLES 

Common Name 

/AMB/ 

/ARRY/ 

/C ONTR L/ 

/DUMPCO/ 

/FLAG/ 

Variables Definition 

PAMB ambient pressure  of me- 

TA MB ambient temperature of 

AB base area of composite 

CD drag coefficient of compo- 

dium outside plume 

medium outside plume 

body 

site body 

GDO( 8 1 ) 

THEPR 

IRUN( 10) 

ICON( 16) 

TEMP 
(15,320) . 
DUMP 
(8,200,3) 

IFLAG 

complete velocity profile 
in  the shock layer 

complete enthalpy function 
in the shock layer  

first approximation of en- 
thapy function in the shock 
la ye r 
derivative of the complete 
enthalpy function at the body 
surface (Regime 11) 

control flags used by 
MOC program during - 
plume ge ne r at ion 

input controls used by 
MOC program 

local gas properties a r r a y  
obtained f rom MOC program 
local gas properties a r r a y  
obtained f rom MOC program 

determines if gas proper-  
ties have been read into 
program; 1- not read in; 
2 - have been read in 

Routines 
Using 

CONTIN 
IMPNGE 
LOCFLO 
READ 

CHTRAN 
ENTPR 

ESHOCK 

JP LTA P 
JWBTSS 
READF 

CONTIN 
FREEM 
IMPNGE 
JWBTSS 
LOCFLO 
READ 

14 



Common Name Variables 

/FLAG/ (cont) JFLAG 

/FORCFO/ 

/FRACTN/ 

/GASCON/ 

/GASFLO/ 

KFLAG 

FOR CE (3 ) 

TORQUE(3) 

THRUST 

XMF 

R 

GAMMA 

TO 
P O  

ASTER 

PINF 

TINF 

RHOINF 

LMSC/HREC A791231 

Definition 

indicates i f  last point was 
in plume; 2 - las t  point in  
plume; 1 - last point not 
in plume 

indicates if present point 
is in plume; 0 - not in 
plume; 1 - is i n  plume 

resultant force on the corn-, 
pos ite body 

resultant torque on the corn- 
posite body 

(not presently used) 

mole fractions o r  major 
constituients 

local gas constant in plume 

local isentropic exponent 
in plume 

total temperature of plume 
total p ressure  of plume 

flag which indicates is gas 
properties are in table or 
not 

local f rees t ream static 
pressure  in plume 

local f rees t ream static 
temperature in plume 

local f rees t ream static 
density in plume 

Routines 
Using 

CONTIN 
IMPNGE 
READ 

READ 
PROPTY 

CONTH 
CONTIN 
DELTA F 
EMOFP 
EMOFV 
ENTROP 
ESHOCK 
FMLOAD 
FNUDSN 
FREEM 
JPLGRD 
LOCFLO 
POFEM 
RHOFEM 
TABLE 
TOFEM 
TOFV 
VOFEM 
WEAK 

CONTH 
CONTIN 

FREEM 
IMPNGE 
LOCFLO 
PRINT 

FMLC~AD 

15 
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Common Name 

/GASFLO/ (cont) 

/HEATER/ 

Variable s 

H 

SPEED 

CNLOCL 

x 

VLOCAL 
RLOCAL 

R 
TLOCAL 
TWALL 

TOO 

PO0 
AMLOCA 

QLAM 
QTURB 
RTHETA 

QTRAN 

DPHI 

De finition 

(not presently used) 
molecular speed ra t io  

local Knudsen number in 
plume based on flow gra-  
dients 

local data a r ray :  contains 
a l l  printed properties for 
an  elemental ring 

local f r ees t r eam proper- 
t ies;  used in free molec- 
u la r  heating calculations 
local wall properties;  used 
in f ree  molecular heating 
calculations 

running length f rom one 
point to  next point 

local velocity 

local density , 

radius of ring 

local temperature 
wall temperature 

total temperature 

total temperature 

local Mach number 

laminar heating rate  
turbulent heating r a t e  
momentum thickness 
Reynolds number 

heating rate in transi-  
tion regime 

angular increments between 
segments on a r ing 

Routines 
using 

CONTH 
CONTIN 
FREEM 
IMPNGE 
PRINT 

CONTH 
P L U M E  

16 
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Common Name Variables 

/HEATER/ (cont) DELVV 

K 
PI 
GAM 

ILBB 

XLAM 

/INPUT / 

EPS 

K 

PR 
TWTZ 

USTR 

F1 
F2 

DE TA 

IOPT( 16) 
HEADER 
NPAGE 

LINE 

Definition 

velocity growth normal  to  
streamline 

st reamline number 

f reest  r eam p res  su re  
isentropic exponent 

control integer equal to 
zero  on f i r s t  ring 

running wetted length f rom 
stagnation point 

low density parameter  
(EPS = (Y - 1)/2Y), where 
7 = f rees t ream ratio of 
specific he a ts 
square root of the modified 
low density Reynold's num- 
be r 
f rees t ream Prandt l  number 
ratio of wall temperature to  
f ree  s t r e  a m  stagnation tem- 
per atur e 

low density parameter  

('U'STR = , where 

EPS is defined above) 

reciprocal of USTR 

low density parameter  
K (F2 = 

K and USTR a r e  defined 
above) 

integration s tep size 
(DETA = 0.05) 

V z Z z i '  where 

input option a r r a y  

title df impingement run 
page counter 

line counter 

Routine s 
Using 

CHTRAN 
BLSOL 
ENTPR 
CACUBR 

CONIC 
C ONTIN 
FREEM 
HEAD 
IMPNGE 
LOCFLO 
PRINT 
READ 

17 
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Common Name 

/LOAD/ 

/LOCAL/ 

/MASSES/ 

/ORIENT/ 

Variables 

R E F L  

REFD 

DJA 

RCI(3, 100) 

UNITN( 3) 

DA 

DX 

THETA 

INT 

ISTAG 

XSTAG 

BODYM 
VEHM 

ERTIA(3) 

TEC(3,3) 

TCE(3,3) 

TIC 
(3,3, 100) 

Definition 

composite 
length 

compo s it e 
diame te r 
molecular 

body reference 

body reference 

diameter  of 
average molecule in  plume 

position vectors  f rom com- 
posite system origin to  sub- 
shape origins 

position vector f rom sub- 
shape origin t o  surface 

unit normal for  cur ren t  
elemental  area 

elemental  area 

axial length of elemental  
a r e a  
impingement angle at ele- 
mental  a r e a  
surface integration flag, 
indicates init ial  entry and 
completion of subshape in- 
te gration 
subshape number where 
stagnation point is located 

axial distance f rom sub- 
shape origin to  stagnation 
point 

(not pre  s e ntly u s  e d ) 

(not presently used) 
(not presently used) 

transposition matrix f rom 
plume exit to composite 
sys tem origin 

transpose of TEC(3,3) 

transposition matrix f rom 
composite system origin 
to  subshape origins 

Routines 
Using. 

FNUDSN 
READ 

CONIC 
CONTH 
CONTIN 
CPLATE 
FREEM 
IMPNGE 
LOCFLO 
PRINT 
READ 
RPLATE 

READ 

IMPNGE 
LOCFLO 
READ 
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Common Name 

/ORIENT/ (cont) 

/OUT/ 

/POSVEC/, 

Variables 

F(200) 

FP(200) 

TH(200) 

THP 

REC( 3) 

RECD(3) 

WE(3) 
WDE (3) 

WDC(3) 

XTE 

/PQOA/ P C  

QC 
PF 

P W  

QW 

Routine s 
Definition Using 

transpose of TCI(3, 3, I) 

BLSOL 
CHTRAN 
ENTPR 
CACl 
CACUBR 

integral of FP (see below) 
a nondimensional variable 
representing the velocity 
profile in the shock layer 
(used in the low density 
blunt body solution) 
a nondimensional variable 
representing the enthalpy 
function profile in the shock 
layer (used in the low den- 
si ty blunt body solution) 

derivative of the nondimen- 
sional enthalpy function at 
the body surface (Regime I) 

CHTRAN 

position vector f rom nozzle LOCFLO 
exit to composite system READ 
origin 

(not presently used) 

(not presently used) 

(not presently used) 

(not presently used) 
t ransfer  distance f rom 
plume origin to  exit plane 
of plume nozzle 

continuum impact pressure CONTH 
CONTIN 
FMLOAD continuum heat flux 

free molecular impact FREEM 
pressure IMPNGE 
impact pressure  at  body 
surface, may be continuum, 
f ree  molecular, or combi- 
nation 

heat flux at body surface, 
may be continuum, or 
f ree  molecular 

PRINT 

19 
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Common Name 

/QRCOM/ 

Variables 

QRCG(3) 

AKN 

EM 

V 
S 

SMK 

SMKP 

TR 

CN 

c1 

wo 

w1 

FACUO 

BO 

co 

Routine s 
De finit ion U s  ing 

velocity of flow in compo- 
si te system CONTIN 

CONTH 

FMLOAD 
FREEM 
IMPNGE 
LOCFLO 

velocity of flow at compo- 
site system origin in com- 
posite system 

Knudsen number at  body PRINT 
surface based on computed 
char ac te r is tic dime ns ion 
velocity of flow in subshape 
systems 
local Mach number of flow 

local scalar  velocity of flow 

molecular speed of flow 

low density variable equal to  CHTRAN - 

ENTPR 

CACUBR 
2.0 PR/3.0( - 1.0) CACl 

low density variable equal to  

ratio of wall temperature 
to freestrearn stagnation 
temperature (note: TR = 
TWTZ) 
function defined in subrou- 
tine ENTPR 

slope of the linear velocity 
profile used as a first ap- 
pr  oximat ion (see dis cus s ion 
on CACl) 

function defined in subrou- 
tine ENTPR 
function defined in subrou- 
tine ENTPR 
function define in subrou- 
tine ENTPR 

function define in subrou- 
tine ENTPR 

function define in subrou- 
tine ENTPR 

SMK/PR 

20 
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Common Name 

/RAPA/ (cont) 

/RING/ 

/STA GC O/ 

/SURFO/ 

Variables 

DO 

BKP 

DXXX 

DELPHI 

AK 

EMU 

C P  

RE 
HO 
HCHEM 

TW 
CPMAX 

JLB 

COEF 

ISURE 

MXSURF 
NX 

(7, 100) 

N P H I  

IORNT 

Definition 

function define in subrou- 
tine ENTPR 

low density variable equal 
to  (SMK - SMKP) 

distance from stagnation 
point to  center of ring 

angular constant which 
orients initial angular 
step off stagnation line 

the rmal conductivity 

vis cos i t  y 

specific heat at constant 
pres  sure  

Reynolds number 
total enthalpy 

total chemical enthalpy 
wall temperature 
maximum pres  sure  coef - 
ficient 

heating calculation flag: 
0 - first ring; 1 - succes- 
sive rings 

surf ace identification flag: 
1 . -  conic; 2 - circular 
plate; 3 - flat plate 

coefficients of subs hape 
surface equations 

surface number flag 

total  number of subshapes 
number of axial increments 
in each conic subshape 

number of angular incre- 
ments in each elemental 
ring 
orientation flag: 0 - inte- 
grate f rom front to back; 
1 - integrate f rom back to  
front 

21 

Routine s 
Using 

CONIC 
CONTH 
READ 

CONTH 
FMLOAD 
FREEM 
READ 

CONIC 
CONTH 
CONTIN 
CPLATE 
FREEM 
IMPNGE 
LOCFLO 
PRINT 
READ 
RPLATE 
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Routine s 
Definition Using Common Name Variables 

/SURFO/ (cont) NS 

INX 

UPHI 

/TABCOM/ 

/TAPE FO/ 

/TIMEFO/ 

IX 

IY 

IR 

PHIROT 

STAB( 9) 

IV TA B (9) 

ALPHA(4) 

DT 

TIME 
TMAX 

surface shading flag: 0 - 
surface is shaded; 1 - 
surface not shaded 
number of present axial 
increment being calculated 

number of present angular 
increment in conic or  c i r -  
cular plate subshape 

number of present X in- 
creme nt in r e c t angular 
plate subshape 
number of present Y in- 
crement in rectangular 
plate subshape 

number of present radial 
increment in c i rcular  
plate subshape 
angle f rom positive Y axis 
to stagnation line 

not presently used 

entropy value for each JPLGRD 
entroDv table JPLTAP 

A ,  

RGVOFM 
TABLE number of velocity cuts 

in  each entropy table 
local properties at each 
velocity cut in  each entropy 
table 
not presently used 

id e nt if ic  at io n of pr  ope lla nt JPLGRD 
case JPLTAP 

RGVOFM 
TABLE number of entropy cuts in 

the gas  table 

not presently used 

not presently used 

not presently used 

IMPNGE 
READ 

22 



Common Name 

/UNIT/ 

/UNITV/ 

Variables De f init ion 
Routines 
Using 

INTCUT not presently used 

ISTEP not presently used 

TUNIT constant to  make plume CONTH 
and impingement units IMPNGE 
compat able LOCFLO 

and impingement units 
c ompa t a ble 

READ PUNIT constant to make plume 

UNITIC(3) unit vector of composite CONTH 
system x axis 

UNIT JG(3) unit vector of composite 
system y axis 

UNITKC(3) unit vector of composite 
system z axis 

READ 

23 
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Section 2 .5  

BASIC FLOW O F  PROGRAM 

The following section describes verbally a typi- 
cal course the program logic might take in ar- 
riving at a solution. 
"flow" is helpful in understanding the general 
seauence of events. I 

A description of the program 
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MAIN PROGRAM 

Calls READ 

READ 

IklPNGE 

LOCFLO 

JWBTSS 

(1) Read and wri tes  inputs 

(2) Forms  transformation matrices TEC t TCE 

(3) Forms  transformation matrices TIC and TCI 

(4) Calls IMPNGE for  surface conditions 

Calls LOCFLO for gas properties at the origin 
of the composite body 

Transforms the origin of the body f r o m  the exi t ,system 
to the flowfield sys tem 

Transforms the origin into a two-dimensional plane 

Changes the description for the position of the point t o  
units used i n  the flow field 

Calls JWBTSS to find the flow propert ies  at the composite 
system origin 

U s e s  JPLGRD and JPLTAP to r ead  flow field tape 

Boundary points of the plume are read in and are checked 
against the body point location 

If boundary check is passed, a sea rch  is made to  bracket 
the point 

If the point is located, a linear interpolation is made for  
the Mach number, the flow angle, and the entropy 

Control is then returned to  routine LOCFLO 
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LOCFLO 

(1) If the composite origin is outside the flowfield, this routine 
. assigns ambient conditions to the gas  properties. 

( 2 )  If the composite origin is within the flowfield, RGVOFM, 
. TABLE and POFEM are called to calculate local flow 

properties in  the flowfield. 

IMPNGE 

(1) Calculates the angle PWIROT from the velocity vector 

plane to  the stagnation s t r eam line) 
. QRC. (PHIROT is the angle f rom the Y axis in the Y Z  

(2) Calculates the direction of integration along the X axis 

( 3 )  Calls PRINT to print heading information 

(4) L€ option fur  uniform flow at t h e  subshape was chosen, 
LOCFLO is again called to  get the gas properties at the 
subshape origins 

(5) Calls CONIC, RPLATE or CPLATE to  get the elemental 
a r e a  and its position (if body is ax i spmet r i c  and con- 
tinuum heating is desired,  initial en t ry  into conic is at: 
stagnation point 

CONIC 

(1) Adjusts logic to  s ta r t  integration at stagnation point 

(2) Calculates initial distance f rom stagnation point t o  center 
of e lemental  ring 

(3) Calculates the elemental  angular s tep and the elemental 
s tep i n  the X direction 

(4) Takes the first X s tep and the first angular s tep 

(5) Calculates the area of the elemental  segment and the unit 
normal  

( 6 )  Returns control  t o  IMPNGE 
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IMPNGE 

(1) If the option for  uniform flow at the stagnation line o r  the 
- elemental a r e a  was chosen, LOCFLO is called to  get the 

gas properties at this point 

The body Knudsen number is retrieved f rom FNUDSN (2) 

(3) Calls CONTIN 

CONTIN 

(1) Tes ts  for shadowing 

(2) Calculates the Newtonian impact pressure  

(3) Tests  for  shock - If there is a shock, ESHOCK is used to  
calculate properties downstream of the shock 

Determines gas properties a t  the surface of the body based 
on one of the three options chosen and loads them in the 
PROP a r r a y  for CONTH 

(4) 

(5) Calls CONTH for continuum heat rates 

CONTH 

(1) Calculates stagnation point heat flux for continuum laminar 
and turbulent flow 

(2) Calls CHTRAN to obtain stagnation point heat flux to a 
1 ft. hemisphere assuming transit ional flow 

(3) Returns control to  CONTIN 

CONTIN 

(1) Returns control to  IMPNGE 

IMPNGE 

(1) Calls FREEM 

FREEM 

(1) 

(2) 

Calls FMLOAD for f ree  molecular impact pressure  

P repa res  input values for  FREEMH 
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(3)  Calls FREEMH for  f ree  molecular heat ra tes  , 

(4) Returns control t o  IMPNGE 

IMPNGE 

(1) Checks the Knudsen number to determine flow regime 

(2) Compares flow Knudsen number to body Knudsen number 
and chooses the one which is closer t o  f ree  moleculare 
flow 

(3) If in  the transitional regime, TRNSIT is called to calculate 
the pressure  f rom the values provided by CONTIN and 
FREEMH using an empirical  formula 

(4) Calls PRINT to write information at the elemental area 

(5) Calculates the elemental force and torque 

( 6 )  Sums the elemental forces  and torques for each subshape 

(7) Continues to operate in this loop until the subshape is 
inte grated 

(8) When the subshape integration is completed, forces and 
torques a r e  transformed to  the composite system 

(9) Operation is returned to  the loop for the next subshape 

(10) After the body is completely integrated, in the forward d i -  
rection, a flag is set  and CONIC is reentered.at  the stag- 
nation point. The remainder of the body, f rom the stag- 
nation point forward, is then integrated 

(1 1)  

(12) 

Total force and torque is calculated for the entire body 

Control is returned to  READ 

READ 

(1) Terminates the calculation 
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Section 2.6 

DETAILED DISCUSSION O F  THE INDIVIDUAL ROUTINES 

This subsection contains a detailed descrip- 
tion of each routine used in  the program. 

Described are:  

Function (if applicable) of each 
routine 

Calling sequence 

e Common blocks and other routines 
used, and 

e The method used in  performing the 
routine functions. 

F o r  use r  convenience, the routines are 
organized alphabetically. 
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SUBROUTINE NAME: ’ ADDV 

DES CRIP TION 

This subroutine adds two vectors, one of which is multiplied by a scalar 

before the addition, The resulting vector is returned. 

CALLING SEQUENCE 

CALLADDV (VA, VB, V c 3  F) 

VA and ?B - Vectors which a r e  added 

VC - Vector sum of VA and VB 

F - Scalar 

UTILITY ROUTINES AND COMMON REFERENCES 

None 

METHOD O F  SOLUTION 

The scalar F is multiplied by each component of vector VB. 

V C = V A t F * V B  
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SUBROUTINE NAME: BLSOL 

DESCRIPTION 

This subroutine determines a numerical solution to two coupled ordinary 

second order linear differential equations, one representing a velocity profile 
and the other representing an enthalpy function profile in the stagnation region 

of a blunt body in a low density flow. 

f rees t ream parameters  indicates the regime of validity is Regime I. 
erence 1). 

This routine is used when the value of the 

(See Ref- / 

CALLING SEQUENCE 

CALL BLSOL 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/IN/ 

COMMON/OUT/ 
FUNCTION TRAPZ 

METHOD OF SOLUTION 

The two coupled ordinary second order linear differential equations r e -  

sult f rom a s imilar i ty  transformation applied t o  the original partial  differential 

equations representing conservation of momentum and energy in the stagnation 

region. 
iteration technique where an enthalpy function profile is guessed initially. 

this profile is used in the momentum equation to  obtain a solution for the velocity 
profile, 

i f  the resultant enthalpy function profile function matches the initial guess. 

not, the procedure is repeated until the velocity profile function and the enthalpy 
profile function have converged and satisfied the boundary conditions behind the 

shock wave and at the body surface. 

The two coupled ordinary differential equations a r e  solved with an 
Then 

This velocity profile is substituted back into the energy equation to  see 

If 
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SUBROUTINE NAME: CACl 

DESCRIPTION 

This subroutine calculates the slope, C1, of a linear velocity profile in 

the stagnation region shock layer of a blunt body in a low density flow. 

linear velocity profile is used a s  a f i r s t  approximation t o  the full velocity pro-  

file in the shock layer. 

parameters  indicates the regime of validity is Regime 11. 

This 

This routine is used when the value of the f rees t ream 
(See Reference 1). 

CALLING SEQUENCE 

CALL CACl 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/IN/ 
COMMON/RAPA/ 
GAMINC 

METHOD O F  SOLUTION 

The value of the slope, C1, of the l inear velocity profile is calculated 

from an  analytical expression resulting from the solution of the first order  

perturbation problem based on the momentum equation and the energy equation 

in the stagnation shock layer. 
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SUBROUTINE NAME: CACUBR 

DESCRIPTION 

This subroutine calculates the value of the complete velocity function at 
a given point in the stagnation region shock layer of a blunt body in a low den- 

sity flow. 
indicates the regime of validity is Regime 11. 

This routine is used when the value of the f r ees t r eam 'pa rame te r s  

(See Reference 1). 

CALLING SEQUENCE 

CALL CACUBR ( Z ,  UBAR) 

Z = zeta = nondimensional normal  coordinate in  the 
stagnation shock layer . 

UBAR = value of the complete velocity function 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/IN/ 
COMMON/RAPA/ 
GAMINC 

METHOD OF SOLUTION 

The value of the complete velocity function UBAR at a given point in the 
stagnation point shock layer, Z ,  is calculated f rom an  analytical expression 

resulting f rom the solution of the second order  perturbation problem based on 

the momentum and energy equation in  the shock layer. 
requires the value of C1, the slope of first approximation l inear velocity pro- 

file, which comes in  through COMMON/RAPA/ 

This analytical expression 
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SUBROUTINE NAME: CHTRAN 

DESCRIPTION 

This subroutine is a dr iver  for the other low density heat t ransfer  rou- 
Sit decides which type of calculation procedure is to  be used (Regime I 

It computes the final value of 
tines. 

o r  Regime 11) based on f rees t ream properties. 

heat t ransfer  coefficient. 

CALLING SEQUENCE 

CALL CHTRAN (SQK, EPS, P R ,  TR, CH) 

(modified low density Reynolds number) 
p 2  

SQK = K2 = p,u,c 

where P, = f rees t ream pressure 

a = local body nose radius 

p,= f rees t ream viscosity 

T C = constant in  the relation A = C - 
U, = f rees t ream velocity 

u, TcQ 

where Y = f rees t ream rat io  of specific heats p- 1 .O) EPS = 2 y  

PR = Prandtl  number ( f reestream) 

TR = ratio of body surface temperature to f r ees t r eam stagnation 
temperature 

CH = heat t ransfer  coefficient 
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UTILITY ROUTINES AND COMMON REFERENCES 

c OMMON/IN/ 

COMMON/OUT/ 
COMMON/RAPA/ 
COMMON/ARRY/ 
ENTPR 

BLSOL 

METHOD O F  SOLUTION 

(Not applicable ) 
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SUBROUTINE NAME: CONIC 

DE SCRIPT I ON 

This routine locates the stagnation point on the composite body and pro- 

vides the necessary logic t o  divide any conic subshape into elemental a r eas  

for a surface integration. 

CALLING SEQUENCE 

CALL CONIC 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/INPUT/ 
COMMON/SURFO/ 
COMMON/RING/ 
SCALEV 

VMAG 

METHOD OF SOLUTION 

The routine divides the subshape into the specified number of axial seg- 
The rings a r e  then subdivided into equal angu- ments o r  rings of equal width. 

lar segments. 

lated for each segment. 

The a reas ,  unit normals and position vectors (RI) a r e  calcu- 

The initial entry into CONIC is with the subshape on which the stagnation 
point is located and the axial distance f rom this subshape origin to the stag- 

nation point. Integration proceeds rearward from the stagnation point to fhe 

end of the body. When the rearward integration is complete, the logic pro- 
vides a return to the stagnation point and the integration proceeds in  a forward 

direction to the front  of the body. 
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SUBROUTINE NAME: CONTH 

DESCRIPTION 

This subroutine provides the streamline tracing technique along which 

continuum heating rates are calculated over bodies immersed in a real gas 

flow field. 
faces,  but a large var ie ty  of shapes may  be considered. 

The basic body shapes must  be represented by axisyrnmetric sur- 

CALLING SEQUENCE 

CALL CONTH 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/INPUT / c OMMON/GASC ON/ 

COMMON/UNIT/ c OMMON/GASFLO/ 

COMMON/LOCAL/ COMMON/QRCOM/ 

COMMON/~URFO/ c OMMON/RING/ 

c OMMON/UNITV/ c OMMON/HEATER/ 

GOMMON/HEAT/ PLUME 

COMMON/PQOA/ 

c OMMON/STA GC O/ CHTRAN 

METHOD O F  SOLUTION 

Local flow propert ies  are supplied to  the subroutine as a function of 
angular increments f rom the stagnation line of the body. 
the flow streamlines  is calculated f rom the stagnation point. These stream- 

lines are followed down the body and their  location specified at the center of 

each elemental  ring. 
subroutine P L U M E  and supplied to  the main program in an a r ray .  

sates output are laminar,  turbulent and transitional. 

a l so  output so that the user may select the appropriate heating rate, 

The spreading of 

At each step, heating rates are  calculated by calling , 

The heating 

A transit ion criteria is 
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SUBROUTINE NAME: CONTIN 

DESCRIPTION 

This routine calculates Newtonian impact p re s su re  at each elemental 
It a lso prepares  local surface properties at each elemental area for area. 

subroutine CONTH. 

CALLING SEQUENCE 

CALL CONTIN 

UTILITY ROUTINES AND COMMON REFERENCES 

c OMMON/AMB/ 
COMMON/FORCFO/ 
c OMMON/GASC ON/ 

COMMON/GASFLO/ 

COMMON/HEAT/ 
COMMON/INPUT / 
COMMON/PQOA/ 

COMMON/QRCOM/ 
COMMON/SURFO/ 
c OMMON/STAGCO/ 
COMMON/FLAG/ 
COMMON/LOCA L/ 

METHOD O F  SOLUTION 

CONTH 

EMOFV 
ESHOCK 
POFEM 

RHOFEM 
TABLE 
TOFEM 

ITSUB 
EMOFP 

VOFEM 

UOFV 

VMAG 

The impact pressure is calculated for each elemental area using the 

Newtonian equation listed on the next page, 
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2 2  P = P ( l t Y w  M sin ( 0 ) )  
00 00 

where 

P is the Newtonian impact pressure  
P , Ym, MW are the f r ees t r eam static pressure,  isentropic exponent, 

and Mach number 
8 is the impingement angle. 

Local flow properties at the body surface are calculated and stored in an  a r r a y  

for  use by the continuum heating routine CONTH. 
a r e  calculated based on one of three input options. 

de scribed be low. 

These local flow properties 
Each of these options are 

m Option 1: The f i r s t  option is a Newtonian flow assumption in 
which the flow goes through an oblique shock paral le l  to  the 
surface. The normal  component of the velocity is stagnated, 
and oblique shock relations a r e  used to  find the local flow 
properties. t 

Option 2: The second assumption is a modified Newtonian ap-  
proach in which the local properties a r e  obtained a s  in the 
first option; however, the shock angle is obtained in an intera- 
tive solution of the downstream local pressure.  
p ressure  is obtained f rom the relationship 

o 

This local 

- pL - 
c p -  1 /2PWV2 

2 = c  sin 0 
‘P pmax 

where Cp is the pressure  coefficient, and C is an  input quantity 
Pmax 
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o Option 3: The third option is an isentropic expansion method 
in which the local pressure  is again obtained a s  in the f i r s t  op- 
tion, Stagnation properties a re  obtained behind a normal  shock, 
and an isentropic expansion t o  the local pressure  is performed. 
Based on this expansion, other necessary local properties a r e  
calculated. 

The user  must decide, based on the character  of the flow field being eval- 

uated and the application of the heat t ransfer  data, which of these three options 
is most representative for local flow conditions, When there  is any doubt, the 

most generally used assumption is option 1, Newtonian flow. 
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FUNCTION NAME: COS DOT 

DESCRIPTION 

This function finds the included angle between two vectors. 

CALLING SEQUENCE 

FUNCTION = COS DOT (VA, VB) 

where VA and VB are any two vectors. 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON-None 

DOT 
VMAG 

METHOD OF'SOLUTION - ~ ~ -~ 

The dot product of the two vectors is taken, - -9 

VA DOT VB = /VA/ /VB/COS~ 

Then from the relation 

and 

The included angle 8 is calculated. 
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SU-BROUTINE NAME: CPLATE 

DESCRIPTION 

This routine divides the surface of a circular  plate o r  annulus into ' 

elemental areas and provides the logic for  a surface integration. 

CALLING SEQUENCE 

CALL CPLATE 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/ LOCA L/ 
COMMON/SURFO/ 
UTILITY ROUTINES- None 

METHOD O F  SOLUTION 

The plate is f i r s t  divided angularly, and then these angular segments 
are divided radially f rom the center to the outside edge, 
normal  and position vector, of each segment is then calculated. 

The area, unit 
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SUBROUTINE NAME: CROSS 

DESCRIPTION 

This subroutine calculates the c r o s s  product of two vectors. 

CA~LLING SEQUENCE 

CALL CROSS (VA, VB, VC) 

where VA and V B  a r e  any two vectors and V C  is the c ros s  product. 

UTILITY ROUTINES AND COMMON REFERENCES 

None 

METHOD O F  SOLUTION 

Vector VA is crossed 
is returned, 

into the vector VI3 and the resultant vector VC 
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FUNCTION NAME: DELTAF 

DESCRIPTION 

This function computes the turning angle through a n  oblique shock wave 

knowing the shock angle and the upstream Mach number. 

CALLING SEQUENCE 

DELTA = DELTAF(EPS, EM) 

where (DELTA) the turning angle is found f rom the shock angle (EPS) and 
the upstream Mach number (EM). 

ratio of specific heats must  be in common corresponding to the input Mach 
number and the ups t ream entropy value {see Subroutine Table). 

NOTE: The appropriate values of the 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/GAS CON/ 
UTILITY - None 

METHOD O F  SOLUTION 

The oblique shock relations are solved for the turning angle using the 
relations ; 

I 

P 
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FUNCTION NAME: DOT 

DESCRIPTION 

This function calculates the dot product of two vectors and returns  the 

r e  sult . 
CALLING SEQUENCE 

FUNCTION = DOT (VA, VB) 

where VA and VB a r e  any two vectors. 

UTILITY ROUTINES AND COMMON REFERENCES 

None 

METHOD O F  SOLUTION 

Vector VA is dotted into vector VB and the resultant is a scalar returned 

as DOT. 
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FUNCTION NAME: EMOFP 

DESCRIPTION 

This routine computes the local Mach number as a function of local 

pressure  (static) and the local entropy value. 

CALLING SEQUENCE 

EM = EMOFP(P,  S) 

where (EM) is the resultant Mach number found f rom the pressure  (P) and 

entropy (S). 
be stored in common upon entry to this routine (see Subroutine Table), 

- NOTE: The appropriate values of the gas properties must 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/GASCON/ 
UTILITY - None 

METHOD O F  SOLUTION 

Perfect  gas relationships {thermally perfect) are used to find the 

Mach number. 

i 
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FUNCTION NAME: EMOFV 

DESCRIPTION 

This routine finds Mach number as a function of velocity. 

CALLING SEQUENCE 

EM = EMOFV(V) 

where (EM) is the local Mach number which is found as a function of (V) the 

local velocity. 
be stored in  common upon entry to this routine. 

NOTE: The appropriate values of the gas properties must  

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/GASGON/ 
TOFV 

METHOD OF SOLUTION 

Thermally perfect gas  relationships are used to find the Mach number. 

M =  

47 



LMSC/HREC A791231 

SUBROUTINE NAME: ENTPR 

DE SCRIPT ION 

This subroutine calculates the enthalpy function profile in  the stagnation 
This rou- region of a blunt body assuming a low density oncoming flow field. 

tine is used when the value of the freestream parameters  I indicates the regime 

of validity is Regime 11. (See complete discussion in Reference 1). 

CALLING SEQUENCE 

CALL ENTPR (SQK, EPS, PR, TR) 
(see definitions under CHTRAN) 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/IN/ 

COMMON/RAPA/ 
COMMON/ARRY/ 

GAMING 

CACl 
CACUBR 

METHOD O F  SOLUTION 

The enthalpy function profile across  the shock layer is based on the anatyti- 
cal solution described in Refe'rence 1. Since the energy equation and the rnomen- 

' turn equation are coupled, ENTPR'calls GAG1 and then CACUBR to obtain the 
velocity profile first. This information is used in  the equations for  enthalpy 

function where a nurnerical integration must be performed to obtain the final 

answer. 
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FUNCTION NAME: ENTROP 

DESCRIPTION 

This routine utilizes the oblique shock relations to find the entropy 

rise across  a shock as a function of the shock angle and the upstream Mach 

number. 

CALLING SEQUENCE 

DS = ENTROP(EPS, EM) 

where (DS) is the entropy rise ac ross  the shock and is a function of the 
shock angle (EPS) and the upstream Mach number (EM). - NOTE: The 

appropriate values of the gas properties must  be s tored in  common upon 

entry to this routine (see Subroutine Table). 

UTILITY ROUTINES AND COMMON REFERENCES 

c o MMON/GAS c ON/ 

UTILITY - None 

METHOD O F  SOLUTION 

The oblique shock relations a r e  employed to find the entropy rise 

ac ross  the shock. 
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FUNCTION NAME: E R F  

DESCRIPTION 

This function computes the e r r o r  function. 

CALLING SEQUENCE 

ERFZ = E R F  ( Z )  
. .  

where ERFZ is the e r r o r  function of Z 

UTILITY ROUTINES AND COMMON REFERENCES 

NONE 

METHOD O F  SOLUTION 

The e r r o r  funciion of Z is calculated using a curve f i t  of the general  

equation b 

2 
E R F  (Z)  =- 2 [ e-' dy 

0 
n 
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SUBROUTINE NAME: ESHOCK 

DESCRIPTION: , 

. This subroutine employes an  iterative solution to  perform the equili- 

brium shock calculations for  a real  o r  ideal gas. The real  and ideal gas  
calculations a r e  s imilar ,  the difference being that an ideal gas case con- 

verges on the first iteration. 

CALLING SEQUENCE 

CALL ESHOCK (Sl,  V1, EP,  DELTA, S2, V2) 

where the input properties a r e  (Sly V1) the upstream entropy and velocity 
and (EP) the shock angle. The subroutine returns with (DELTA), the 

turning angle and (S2, VZ), the downstream entropy and velocity. 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/CONTRL/ 

COMMON/GASCON/ 

TABLE 
EMOFV 

POFEM 

RHOFEM 

ENTROP 

DELTAF 

WEAK 

METHOD O F  SOLUTION 

The equation for conservation of mass  through a shock wave and the 

two independent equations for momentum tangential and normal to the shock 

wave a r e  rearranged. 

as functions of four unknowns: 
1. c - the shockangle 

2. d - the turning angle 

3. S2 - the entropy level downstream of the shock 

4. 

The rearrangement allows for expressing the equation 

42 - the velocity downstream of the shock 
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One of the unknowns, e ,  is taken as an  independent variable and a n  iterative 
solution employed to solve for the other three. 

F o r  a more detailed description of the method of solution and a derivation 

of the equations used, refer  to Section 7 of Reference 2. 

, 
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SUBROUTINE NAME: FMLOAD 

DESCRIPTION 

FMLOAD calculates the force per  unit area (dF/dA) for  an  

elemental area in  f r ee  molecular flow. 

CALLING SEQUENCE 

CALL FMLOAD 

UTILITY ROUTINES AND COMMON REFERENCES 

- COMMON/ LOCAL / 
COMMON/QRCOM/ 
COMMON/SURFO/ 
COMMON/PQOA/ 

COMMON/ GASCON/ 
COMMON/GASFLO/ . 
COMMON/STAGCO/ 

E R F  

VMAG 

METHOD O F  SOLUTION 

dF/dA is found from the differential equation for  a n  elemental area 
presented by Sentrnan in Reference 5. 
be found also in Reference 1. 

This equation and its variables can 
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FUNCTION NAME: FNUDSN 

DES GRIP TION 

This function calculates ,,,iudsen numbers fo r  determining the loc 1 
flow regime. 

CALLING SEQUENCE 

AKN = FNUDSN (THETA, RHO) 

THETA = Flow angle at the surface 

RHO = density of flow 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/GAS CON / 
COMMON/LOAD/ 
UTILITY - none 

METHOD O F  SOLUTION 

An effective reference length (perpendicular t o  the direction of flow) is 

calculated from input reference valaes. 

using the equation 

Knudsen number is than calculated 

where REF is the effective reference length and M F P  is the mean f r e e  path 
of molecular travel. (See Reference 1). 
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SUBROUTINE NAME: FREEM 

DESCRIPTION 

This routine calls subroutine FMLOAD and FREEMH for f r e e  molecular 
pressure  and heating. It sets  inputs for FREEMH. 

CALLING SEQUENCE 

CALL FREEM 

UTILITY ROUTINE AND COMMON REFERENCES 

COMMON /GAS CON / FMLOAD 

COMMON / GASF LO / FREEMH 

COMMON/HEAT / 
COMMON/LOCAL/ 
COMMON/PQOA/ 

COMMON/QRCOM/ 
COMMON/STAGCO / 
COMMON/SURFO/ 
COMMON/FLAG/ 

COMMON/INPUT / 

METHOD O F  SOLUTION 

Not applicable 
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SUBROUTINE NAME: FREEMH 

DES GRIP TION 

This subroutine computes the f r e e  molecular heat transfer ra tes  in 
a rb i t ra ry  gases. 
side heating at angle-of-attack, 

The beat ra tes  can be calculated for  either front or  back 

CALLING SEQUENCE 

CALL FREEMH (AI, AW, S, THETA, ALPHA, NS, DQODA) 
. .  

where (AI, AW) a r e  a r r ays  consisting of f i v e  variables each. 
i n  the A I  array a r e  based on the incident flow and the variables in  the AW 
a r r a y  a r e  based on the reflected flow. 

The variables 

These variables a re :  

1. enthalpy 
2. p ressure  

3. density 
4. gas constant 
5. temperature 

THETA i s  the angle between the freestream flow direction and the positive y 

direction of the surface. 

S is the molecular speed ratio, 

ALPHA is the thermal accommodation coefficient. 

NS selects the side of the surface to consider. 

DQODA is the f r ee  molecular heat transfer rate. 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/ CHECK 
ERF 
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METHOD OF SOLUTION 

The f r ee  molecular heat transfer ra te  is calculated for a unit a r e a  of a 
surface at angle-of attack in a rb i t ra ry  gases. The properties of the incident 
flow a r e  calculated prior to entering FREEMH. Parameters  commoa to  both 

front and back side heating a r e  calculated. Those parameters  which a r e  dif- 

ferent a r e  calculated depending on the side to be considered (NS). 

ra te  is then calculated. 

The heat 

Additional information on the development of this subroutine can be found 

i n  Appendix D of Reference 1, 
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SUBROUTINE NAME: GAMINC 

DESCRIPTION 

This subroutine calculates the value 'of the incomplete gamma function 

using an infinite series. Since no asymptotic approximation was made, the 

ser ies  will accurately calculate the value of the incomplete gamma function 
for any value of the variable X and any order of incompleteness A. 

CALLING SEQUENCE 

CALL GAMINC (X, A, GAMI) 
X = arguernent of the function 
A = order  of the gamma function 

G A M  = value of the incomplete gamma function 

UTILITY ROUTINES AND COMMON REFERENCES 

none - routine is self contained 

METHOD O F  SOLUTION 

Successive t e r m s  in the following ,,ifin,;e s e r i e s  are calcu,ated until the 
th n term makes a negligible contribution 

( -X)n 
(ASn) n! rA (x) = XA 

Ji=O . -  
where I''(X) is the incomplete gamma function of order  A. 
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SUBROUTINE NAME: HEAD 

DESCRIPTION 

This  subrout ine indexes pages a n d  w r i t e s  case ,  and  page n u m b e r s  on 
each  page of printout.  It a l s o  w r i t e s  a problem t i t l e  on each page. 

CALLING SEQUENCE 

CALL HEAD 

UTILITY ROUTINE AND COMMON REFERENCES 

COMMON/INPUT/ 
UTILITY-None 

METHOD O F  SOLUTION 

Not applicable 
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SUBROUTINE NAME: WIPNGE 

DESCRIPTION 

This subroutine provides surface integration control fo r  the program. 
It calculates and sums forces  and torques and writes them at the end of each 
trajectory step. 

CALLING SEQUENCE 

CALL IMPNGE 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/AMB/ 
COMMON/FORCFO/ 1 

COMMON/GASFLO/ 
COMMON/INPUT/ 
COMMON/LOCAL/ 
COMMON/ORIEN T / 
COMMON/PQOA/ 
COMMON/QRCOM/ 

COMMON/SURFO/ 
COMMON/ TLMEFO/ 
COMMON /UNIT/ 
COMMON/FLAG/ 
ADDV 

CONIC 
CONTIN 
COSDOT 
CPLATE 

CROSS 

DOT 
FNUDSEN 

FREEM 
HEAD 

LOCFLQ 

POSTM 
PRINT 

R P  LA TE 

S CA LEV 
TRNSIT 

, 
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METHOD O F  SOLUTION 

The surface integration logic routine CONIC, RPLATE, o r  CPLATE is 
called fo r  surface geometry. Routine LOCFLO is called with the surface 

point, and local flow properties a r e  obtained at this point. Then routines 

CONTIN and F m E M  a r e  called to  obtain surface impact pressure  and heating 
rates .  With all the necessary surface information now obtained, the forces  
and torques are calculated and integrated over the body, 

forces and torques a r e  then transformed into the exit system. 

These resultant 
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SUBROUTINE NAME: ITSUB 

DESCRIPTION 

This subroutine controls the i terative solution of any set of equations 
which can ultimately be expressed as a function of one variable. 

can also be used to control a n  integration loop. 

gas velocity in the impingement program. 
CALLING SEQUENCE 

The routine 

It is used to  solve for  a real 

CALL I'IXUB (FOFX, X, SAVE, CONV, NTIMES) 

(FOFX) - function of X which is driven to zero 

(X) - variable which is iteratively'solved for 

(SAVE) - program control, Le., SAVE( 1) is control counter, 

(CONV) - convergence c r i te r ia  

SAVE(2) is X increment 

(NTIMES) - maximum number of iterations 

UTILITY ROUTINES AND COMMON REFERENCES 

None 

METHOD O F  SOLUTION 

ITSUB modifies (X) in  the proper direction by  the decrement value 

(SAVE(2) ) until the root has been bracketed. 

is then used to modify X until the solution is reached. 

entering ITSUB each time, the function is inspected for convergence. 
the function has converged, a program control is set, and computer control 

is t ransferred to the calling routine. 

The method of false position 

Immediately after 

If 
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SUBROUTINE NAME: JPLGRD 

DESCRIPTION 

This subroutine changes the  gas properties read by subroutine JPLTAP 
from MKS to English units. Also  it calculates weighting factors to be used in 
the interpolation of temperature and pressure  in  subroutine TABLE. 

CALLING SEQUENCE 

CALL JPLGRD 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/TABCOM/ 
COMMON/TAPEFO/ 
COMMON/ GASCON I 
JPLTAP 

METHOD O F  SOLUTION 

Not applicable 
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SUBROUTINE NAME: JPLTAP 

DESCRIPTION 

This subroutine reads the gas properties which were written by the 

Method-of-Characteristics program (Reference 4) ,on tape in binary form. 

This gas data originated from the NASA- Lewis Th’ermochemical Program 
(Reference 6) .  
of entropy and velocity. 

It s tores  the gas property data, in MKS units, as a function 

This subroutine a l so  saves data on: 

2. the number of velocity cuts per  entropy cut. 
1. the number of entropy cuts; 

CALLING SEQUENCE 

CALL JPLTAP 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/DUMP co / 
COMMON/TABCOM / 
COMMON / TAPEFO / 

‘ UTILITY -none 

METHOD O F  SOLUTION 

Not applicable 
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SUBROUTINE NAME: JWBTSS 

DESCRIPTION 

This subroutine performs all th- flow fi Id tape sea rch  operations for  the 

t ra jectory program. The routine is entered with the coordinates of a point on 

the composite body, and a linear interpolation within the character is t ics  mesh  

produces flow field data at the desired point. 

been written on tape, i n  binary form, by Lockheed's 'method-of-characteristics 
program. 

The flow field has previously 

CALLING SEQUENCE 

CALL JWBTSS (POINT) 

where 

Point (1) = radial  o r  vertical  coordinate of desired point 

Point (2) = axial coordinate of desired point 

Point ( 3 )  = Mach number at desired point 

Point (4) = flow angle at des i red  point 

Point (5) = entropy level of flow at desired point 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/DUMPCO / 
COMMON/FLAG/ 
JPLGRD 

READB 

READF 

TAPMOV 

METHOD O F  SOLUTION 

The main function of the routine is to  locate the body point within the 

flow field or outside of its boundaries. If the body point is found to be within 
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the flow field, then flow field data is obtained at the location. 
operation is outlined in a series of steps performed by JWBTSS. 

This search 

1. The routine first reads  in the flow field boundary points and determines 
if it is possible for  the body point to  be inside the flow field. If this 

test is negative, a flag is s e t  accordingly and control is returned to  
the calling routine LOCFLO. 

If the tes t  is positive, s tep 2 is taken. 

2. Characterist ic l ines  a r e  read  in (one at a t ime)  and retained i n  storage. 

A s  the lines are being read, each- characteristic point is checked in an 

effort to bracket the body point, 
s t ream direction, however, if t h e  new point is upstream of the pre- 

vious point, the tape is backspaced six lines and bracketing is again 

attempted. 

of the start ing point, o r  if the flow field boundary is reached, the 
tape is rewound and the search  is started again. 

The sea rch  is conducted in a down- 

If the tape is searched one hundred l ines down s t r eam 

3. If the body point is bracketed, four to eight of the surrounding 

character is t ic  points a r e  used in a l inear interpolation to  determine 
Mach number, flow angle, and entropy. 

Three flags a r e  u s e d a s  indicators of the resul ts  of the tape search, 

1, IFLAG = 1 - indicates boundary has  not been r ead  in. 

z 2 - indicates boundary has been read  in. 

2: JFLAG= 1 - indicates last body point was not i n  flow’field. 

= 2 - indicates last body point was in  flow field 

3. KFLAG? 1 - indicates current  body point is not in flow field 

= 2 - indicates current  body point is in flow field 

66 



LMSC/HREC A791231 

SUBROUTINE NAME: LOCFLO 

DESCRIPTION 

Routine LOCFLO is the main control for determining the flow properties 

at a particular point. 

CALLING SEQUENCE 

CALL LOCFLO (NONUNI) 

NONUNI = 0 If flow properties a r e  desired at composite axis 

’ = 1 If flow porperties a r e  desired at subshape axis 

= 2 If flow properties a r e  desired at elemental a r eas  

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON /AMB/ 
COMMON /FLAG/ 
CQMMON /GASFLO / 
COMMON/GASCON/ 
COMMON/INPU T /  
COMMON/LOCAL/ 
COMMON /ORIEN T / 

COMMON/QRCOM/ 
COMMON/SURFO/ 
COMMON/UNIT / 

COMMON /POSVEC/ 

ADDV 

JWBTSS 
POFEM 

POSTM 

RGVOFM 

RHOFEM 

TABLE 

TOFEM 
VMAG 
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METHOD O F  SOLUTION 

The position of'the body point is transformed from it 's  particular reference 

system into the exit plane (E)  system. 

dependent on the type bodypoint, (1) composite system center of gravity requires  
no transformation, (2) subshape origins require transformation from the com- 
posite to the exit system, (3) surface points require transformation from the 
subshape system to the composite system and then to  the exit system (see 
Reference 1 for  mathematical explanation). 

The degree of transformation required is 

The three-dimensional body point thus obtained is converted into a two- 
dimensional plane and the tape search  routine (JWBTSS) i s  called to  acquire 
flow field data at this point. 

From the flow field data obtained in JWBTSS (Mach number, flow angle, 

and Entropy) the desired properties (density, pressure,  temperature,  and 

velocity) are' derived and stored in common. The scalar  velocity is converted 
into a vector quantity and control is returned to  the calling routine (IMPNGE). 
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SUBROUTINE NAME: ONEVAR 

DESCRIPTION 

This subroutine is used by subroutine PROPTY to provide interpolation 

between transport  property da ta  points a s  a function of temperature. 

CALLING SEQUENCE 

CALL ONEVAR (ARGUMT, NXDIR, TABLE, NOTAB, 
NX, OUTPUT) 

where: ARGUMT is input interpolation argument (X) 
NXDIR is type of interpolation, 1 is linear, 2 is quadratic 

TABLE is set  of X values followed by the Y values 
NX is the variable number 

NOTAB is table load capacity 
OUTPUT is interpolated value of y=f(x) 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON - None UTILITY - None 

RIETHOD O F  SOLUTION 

This subroutine is an interpolation routine which solves for a function of 
one variable, i, e . ,  y = f(x). The interpolation is performed using LaGrange's 

interpolation formula, The increments for the independent variable (x), may 

o r  may not be equidistant. 

will be in the answer, especially in a reas  of extreme curvature. The e r r o r  

involved is the e r r o r  committed by replacing the given function by the poly- 

The smaller  the increment, the smaller  the e r r o r  

nominal and can be defined a s  

ERROR = f(x) - &x) 
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where 4 is some value of x between xo and xn, and 4 is the polynominal in 

x. The interpolation can be either linear or quadratici 
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SUBROUTINE NAME: PLUME 

DESCRIPTION 

This subroutine provides the procedure for estimating heating rates at 
each point along each streamline. It supplies laminar, turbulent and t ransi-  
tional heating rates and a momentum Reynolds number transit ion criteria for  
choosing the proper flow regime. 

CALLING SEQUENCE 

CALL PLUME 

UTILITY ROUTINES AND COMMON REFERENCES 

c OMMON/FRACTN/ 
COMMON/HEATER/ 
PROPTY 

METHOD O F  SOLUTION 

Local flow properties along a streamline are supplied to  this subroutine 

by subroutine CONTH. These local properties and velocity gradients a r e  used 

to  provide a t ransform to the familiar flat plate equations for laminar and tur- 
bulent flow. The streamline divergence due to both body curvature and pressure  

gradients are estimated, and heating rates t o  the body are calculated. This 
procedure is followed along each streamline f rom the stagnation point t o  end 
of the body. Real  gas  t ransport  properties are obtained using subroutine PROPTY. 
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FUNCTION NAME: POFEM 

DESCRIPTION 

This function computes the local static pressure  as a function of Mach 

number and entropy. 

CALLING SEQUENCE 

P = P O F E M ( E M , S )  

where (P) is the resultant static pressure  found f rom the Mach number (EM) 

and entropy (S). NOTF:: The appropriate values of the gas properties must  

be stored in common upon entry to this routine. 

UTILITY ROUTINES AND COMMON REFERENCES 

co MMON/GAS c ON/ 
UTILITY - None 

METHOD O F  SOLUTION 

Thermally perfect gas relationships a r e  used to find the pressure.  

Y 
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SUBROUTINE NAME: POSTM 

DESCRIPTION 

This  subroutine transforms a vector from one rectangular coordinate 
system to another by multiplying the vector by a transformation matrix. 

CALLING SEQUENCE 

C A L L P O S T M  (VA, T, VB)  

where VA is any vector, T is the 3 by 3 transformation matrix,  and V B  is the 
transformation of VA. 

UTILITY ROUTINES AND COMMON REFERENCES 

None 

METHOD O F  SOLUTION 

The components of the transformed vector (VB) are formed in  the following 
way: 

VB(1)  = VA(l )*  T( l ,  1) t VA([2)>: T(2, 1) t VA(3)* T(3 , l )  

V B ( 2 )  = VA( 1)* Til ,  2)  t VA(2)'g T ( 2 ,  2)  t VA (3)>:: T ( 3 , 2 )  
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SUBROUTINE NAME: PRINT 

DESCRIPTION 

This routine writes header information and body surface data at each 

elemental area.  

CALLING SEQUENCE 

CALL PRINT (IFLOW) 
..I 

where 

IFLOW = 0 - print header 
IFLOW = 1 - data is for continuum regime 
IFLOW = 2 - data is f o r  freemolecular regime 
IFLOW = 3 - data is for  transitional regime 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/GASFLO/ . 

COMMON/INPUT/ 
COMMON/ LOCAL/ 
COMMON/PQOA / 
COMMON/QRCOM/ 
COMMON/SURFO / 
HEAD 

METHOD O F  SOLUTION 

Not applicable 

.7 4 



LMSC/HREC A791231 

SUBROUTINE NAME: PROPTY 

DESCRIPTION 

This subroutine provides the calculational procedure for  determining the 
local gas molecular weight, viscosity, thermal  conductivity and specific heat. 

The subroutine is basically limited to gases containing mixtures of GOz, HZ, 
H20, H, OH, GO, N2 and H02; however, new data tables may be added when 
needed, and data currently exists for over 300 species. 

CALLING SEQUENCE 

CALL PROPTY (TLOCAL, VISCOS, COND, CP, OLWT) 
where: TLOCAL is the gas temperature 

VISCOS is the gas viscosity 

COND is the gas thermal  conductivity 

CP  is the gas specific heat 
OLWT is the gas molecular weight 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/FRACTN/ 
ONEVAR 

METHOD O F  SOLUTION 

The mole fractions of the individual gas species a r e  inputs. The individual 

gas specie t ransport  properties (viscosity and thermal  conductivity) a r e  then cal- 
C 

culated through use of the Lenard-Jones potential model. The specific heat is - 
calculated from a five polynorninal curve fit, and the molecular weight of each 

species is a known quanity. 

averaged by the subroutine to  give values for the mixture transport  proerties.  

The individual species property values a r e  then 
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SUBROUTINE NAME: READ 

DES CRIP TION 

This routine reads and writes the input data, calculates initial Eulerian 

angles of the composite system, and produces the transformation matr ices  
[ TIC ] and [ T C I ]  (see Reference 1). 

CALLING SEQUENCE 

CALL READ 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/AMB / 
COMMON/FORCFO/ 
COMMONIINPUT / 
COMMON/LOAD/ 
COMMON/LOCAL/ 
COMMON/MASSES/ 

COMMON/ORIENT / 
COMMON /POSVEC/ 

CROSS 

HEAD 

TRANS 
TRAJ 

COMMON/S TAGCO / 
COMMON/SURFO / 
COMMON/TIMEFO/ 

COMMON/UNITV/ 
COMMON/FLAG/ 

COMMON /UNIT/ 

METHOD O F  SOLUTION 

The unit vectors of the composite system are formed. The initial 

Eulerian angles are then obtained f rom functions of these unit vectors. Unit 
vectors for  each of the subshape systems are  also formed and the invariant 

transformation matrixes f rom the composite system to the subshape systems 
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are derived from them (see Reference 1 for a more complete mathematical 
explanation). A l l  other input quantities are merely read in, converted to 
working units when necessary, stored into common, and printed out. 
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SUBROUTINE NAME: READB 

. DESCRIPTION 

Subroutine READB reads the position of the boundary points of the 
flow field. 

This information is read f rom a binary tape produced by the method 

of char  act  e r is ti c s pr  ogr am. 

Subroutine JWBTSS useti this t o  determine boundary position of flow. 

field. 

CALLING SEQUEN CE 

CALL READB (X,R, ITOT1) 

X = X coordinate of last point on character is t ic  line 
R = R coordinate of last point on character is t ic  line 

ITOTl = Number of points on the l ine 

UTILITY ROUTINES AND COMMON REFERENCES 

None 

METHOD O F  SOLUTION 

Not applicable 
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SUBROUTINE NAME: READF 

DESCRIPTION 

$ SUBROUTSNE READF reads  one character is t ic  line from flow field tape 

and saves the following data at each point: 

1. 
2. 

3. 

4. 
5. Entropy at the point. 

X position of t h e  point, 
R position of the point, 
Mach number at the point, 

Flow angle at the point, 

This information is read from a binary tape produced by the method of 
character is t ics  program. 

CALLING SEQUENCE 

CALL READF (J, ITOT1) 

J - number of characterist ic line 
ITOTl - number of points in characterist ic line 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON /DUMP co / 
UTILITY - None 

METHOD O F  SOLUTION 

Not applicable 
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FUNCTION NAME: RGVOFM 

DESCRIPTION 

This subroutine finds velocity as a function of Mach number and entropy. 
' 

The difference between this routine and VOFEM is that the gas properties 

are not known prior  to entry. 

CALLING SEQUENCE 

V = RGVOFM (S, EM) 

where (V) is the resultant velocity formed from entropy ( S )  and Mach number 

(EM). 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/TAPE FO/ 
COMMON/TAB COM/ 
TABLE 

VOFEM 
EMOFV 
ITSUB 

METHOD OF SOLUTION 

The rea l  gas tables have, a s  independent variables, entropy and velocity. 

If the velocity is not known, a n  iterative solution must be employed to find the 

velocity f rom Mach number and entropy. 
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FUNCTION NAME: RHOFEM 

DESCRIPTION 

This function computes the local density as a function of Mach number 

and entropy. 

CALLING SEQUENCE 

RHO = RHOFEM(EM,S) 

where RHO is the resultant density found from local Mach number and local 

ent,ropy. NOT-E-: The appropriate values of the gas properties must  
be s tored in common upon entry to this routine (see Subroutine Table). 

UTILITY ROUTINES AND COMMON REFERENCES 

c o MMON/GAS c ON/ 

POFEM 

METHOD OF SOLUTION 

Thermally perfect gas relationships a r e  used to find the density. 
-1 
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SUBROUTINE NAME: RPLATE 

DESCRIPTION 

This routine divides a rectangular plate into elemental segments and 

provides the necessary logic to  perform a surface integration. 

CALLING SEQUENCE 

CALL RPLATE 

UTILITY ROUTINES AND COMMON REFERENCES 
- 

COMMON / LOCAL/ 
COMMON /SURFO / 

I 

UTILITY ROUTINESLNone 

METHOD O F  SOLUTION 

The plate is divided into a specified number of rectangles. The area,  

unit normal and position vector of each rectangle is also calculated. 
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SUBROUTINE NAME: SCALEV 

DESCRIPTION 

This subroutine changes the magnitude of a vector. 

CALLING SEQUENCE 

CALLSCALEV (VA, F, VB) 

where VA is any vector to  be scaled, F is the scalar, and VI3 is the new 

vector . 
UTILITY ROUTINES AND COMMON REFERENCES 

None 

METHOD O F  SOLUTION 

The components of vector VA are multiplied by the scalar  F to form the 
vector VB. VB is returned. 

VB = F (VA) 
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SUBROUTINE NAME: TABLE 

DESCRIPTION 

This subroutine utilizes r e a l  o r  ideal gas information obtained f rom 
the flow field tape to calculate properties locally in the flow. The maxi- 
mum size of the a r r a y  used by (TABLE) is limited to  five gas properties 

(V, R ,  Y ,  To, Po) at thirteen velocity l 'cutsll for each of nine entropy 
cuts . 
CALLING SEQUENCE 

CALL TABLE (SS, VV) 

where (SS) is the local entropy and (VV) is the local velocity at the point of 

interest. 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/TAPEFO/ 
COMMON/TABCOM/ 

COMMON/GASCON/ 

TOFV 

POFEM 

EMOFV 

METHOD O F  SOLUTION 

The routine is entered with the local entropy (SS) and velocity (VV). 

A t e s t  is then made to determine if the gas is r ea l  o r  ideal. If the tes t  

indicates an  ideal gas, the local properties a r e  s e t  to those s tored in 

the (TAB) common ar ray .  
scheme is utilized to locate gas properties between tabulated values of 

velocity and entropy. 

the table, a n  ideal gas extrapolation f rom the last table value is made to 

locate the gas properties. 

If the tes t  indicates real gas,  a double interpolation 

In the case of an entry velocity beyond the range of 
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SUBROUTINE NAME: TAPMOV 

DES CRIP TION: 

This subroutine moves the binary flow field tape through the gas property 

data to  the start of the flow field information. 

CALLING SEQUENCE 

CALL TAPMOV 

UTILITY ROUTINES AND COMMON REFERENCES 

None 

METHOD O F  SOLUTION 

N o t  applicable 
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FUNCTION NAME: TOFEM 

DESCRIPTION 

This function computes the local static temperature  as a function of 

Mach number. 
to entry. 
number o r  velocity is the known quantity. 

The gas properties at the point of in te res t  are known pr ior  
TOFEM and TOFV are quite similar; the difference being if Mach 

CALLING SEQUENCE 

T = TOFEM(EM) 

where (T) is the one-dimensionally calculated local static p res su re  which 

exists at the Mach number (EM). 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/GASCON/ 

METHOD O F  SOLUTION 

The calorically perfect gas relationship 

is solved for  static temperature  at the local Mach number. 
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FUNCTION NAME: TOFV 

DESCRIPTION 

This function computes the local static temperature as a function of 

velocity. 
TOFV and TOFEM a r e  quite similar; the difference being i f  Mach number o r  

The gas properties at the point of interest  are known pr ior  to entry. 

velocity is the known variable. 

CALLING SEQUENCE 

T = TOFV(V) 

where (T) is the one-dimensionally calculated local static pressure  which 

exists at the velocity (V), 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/GAS CON/ 

UTILITY - None 

METHOD OF SOLUTION 

The calorically perfect gas relationship 

is solved for static temperature at the local velocity. 
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SUBROUTINE NAME: TRANS 

DESCRIPTION 

This subroutine transposes a matr ix  and returns the transposed 

matrix. 

GALLING SEQUENCE 

GALL TRANS ( T l ,  T2) 

where T 1 is the input matrix and T 2 is the transposed matrix 

UTILITY ROUTINES AND COMMON REFERENCES 

NONE 

METHOD O F  SOLUTION 

The rows and columns a r e  interchanged in  T 1 to form T 2. 

T 1  = T23 I and T 2  21 T22 

?31 T32 T33 

T22 T32 

T 
T23 3 3- 
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SUBROUTINE NAME: TRNSIT 

DESCRIPTION 

The routine determines t ans it i nal 7 lues for heating rates and 

impact pressure  using a n  empirical function of the Knudsen number 
(see Reference 1) 

CALLING SEQUENCE 

CALL TRANSIT (XCONT, XFREEM, AKN, TRANSF) 

XCONT 
XFREEM - f ree  molecular value of heating rate  or  impact pressure 
AKN - Knudsen number 

TRANSF - returned transitional value of heating rate o r  impact 

- continuum value of heating rate o r  impact pressure  

pressure  

UTILITY ROUTINES AND COMMON REFERENCES 

NONE 

METHOD O F  SOLUTION 

T ransitional values a r e  obtained from the following relationship: 

TRANSF = XCONT t (XFREEM .. XCONT) Isin’ [. (1/3 t 1/6 loglOAKN)] 1 . 
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FUNCTION NAME: UOFEM 

DESCRIPTION 

This function computes the Mach angle at a local Mach number, 

CALLING SEQUENCE 

EMU = UOFEM(EM) 

where (EMU) is the Mach angle which exists at the local Mach number (EM). 

UTILITY ROUTINES AND COMMON REFERENCES 

None 

METHOD OF SOLUTION 

The following equation 

is solved for the local Mach angle. 
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FUNCTION NAME: UOFV 

DESCRIPTION 

This function computes the Mach angle at a local velocity. 

‘CALLING SEQUENCE 

EMU = UOFV (V) 

where (EMU) is the Mach angle which exists at the local velocity (V). 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON - None 

UOFEM 

EMOFV 

METHOD OF SOLUTION 

The local velocity is converted into a Mach number usihg (EMOFV). 
Function (UOFEM) is then entered with the calculated Mach number and the 

Mach angle obtained f rom the following equation. 

c 1 =  
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FUNCTION NAME: VMAG 

DESCRIPTION 

This function determines the magnitude of a vector. 

CALLING SEQUENCE 

FUNCTION = VMAG(VA) 

where VA is any vector. 

UTILITY ROUTINES AND COMMON REFERENCES 

NONE 

METHOD O F  SOLUTION 

VMAG = d V A ( 1 ) 2  t VA(2)2 t VA(3)z 
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FUNCTION NAME: VOFEM 

DESCRIPTION 

This function computes velocity as a function of Mach numb.er. Ideal 
gas relations a r e  used and the gas properties are known prior to entry. 

CALLING SEQUENCE 

V = VOFEM(EM) 

where (V,) is the local velocity which corresponds to the local Mach number 

(EM). 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/GASCON/ 

TOFEM 

METHOD O F  SOLUTION 

The ideal gas relationship 

is solved for velocity, Local static temperature (T) is obtained f rom the 
input Mach number. 
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SUBROUTINE NAME: WEAK 

DESCRIPTION - 

This subroutine determines the independent variables (SD, VD) 
downstream of a weak oblique shock. 
shock are known prior  to entryI 

The gas properties upstream of the 

CALLING SEQUENCE 

CALL WEAK (SU, VU, ERS, DELTA, SD, VD) 

where (SU, VU) a r e  the upstream entropy and velocity, (EPS, DELTA) are 
the shock angle and turning angle, and (SD, VD) a r e  the downstream entropy 

arid velocity. 

UTILITY ROUTINES AND COMMON REFERENCES 

COMMON/GASCON/ 
TABLE 

EMOFV 

POFEM 
RHOFEM 

ENTROP 
DELTAF 

METHOD O F  SOLUTION 

From the known upstream entropy and velocity, the local gas properties,  

p ressure ,  density, and upstream Mach number a r e  calculated. 
r i s e  across  the shock is added to the upstream entropy to get total down- 
stream entropy. Downstream velocity is Calculated f rom 'the following 
relations hip. 

The entropy 
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Section 3 

INPUT INSTRUCTIONS 
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\ 

INPUT INSTRUCTIONS 

Card 1 

This card contains a title o r  heading which is used for run identification. 

Format 

12A6 

Item Column - 
1-72 Title o r  Heading 

This card contains input options necessary to  control program execution. 

Format  c olumn/Option Item - 
1615 5/IOPT(1) Body Geometry 

0 - Composite Body Nonaxisymmetric 
1 - Composite Body Axisymmetric 

10/IOPT(2) Desired Heating Options 
0 - Calc. Continuum and F r e e  Molecular Heating 
1 - Calc. Continuum Heating Only 
2 - Calc. F r e e  Molecular Heating Only 

15/IOPT(3) Uniform Flow Assumptions 

0 - Composite Vehicle in Uniform Flow 
1 - Subshapes in Uniform Flow 
2 - Elemental rings in uniform flow at 

maximum impingement 
3 - Elemental areas in uniform flow 

18-2O/IOPT(4) Number of Subshapes in Composite Body 
N - Number of Subshapes (100 max) 
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Format 

1615 

Column/Opt ion Item 

25/IOPT( 5) Type Output Desired 
0 - Full Output (Data at Each  Elemental Area)  
1 - Force and Torque Summary Only 

3O/IOPT(6) Flow Field Type 
1 - Flow Field is Axisyrnmetric 
0 - Flow Field is Two-Dimensional 

(-NFRACT) - number of mole fractions for3gas  used 

(-1STAG) - number of subshape where stagnation 

3 5/IOPT (7) 

4 O/IO P T  ( 8) 

point located 

45/IOPT(9) Type Local Propert ies  
1 - Newtonian assumption 
2 - Modified Newtonian 
3 - Isentropic expansion 

46-50/IOPT( 10) Surface Integration Control 

N - Number of X Increments for Conic Subshape 
or ,  
Number of R Increments for Circular Plate 
Subs hape 
01, 
Number of Y Increments for Rectangular Plate 
Subshape 

51-55/IOPT(11) Surface Integration Control 

N - Number of Angular (PHI) Increments for Conic 
and Circular Plate Subshape 
or ,  
Number of Z Increments for  Rectangular Plate 
Subshape 

56-6O/IOPT(12) Case Number 

6 5/IOPT ( 13) 
0 - Impingement P r o g r a m  Dimensioned in  Inches 
1 - Impingement P rogram Dimensioned in Feet 

70/1OPT( 14) 
0 - Flow Field Dimensioned in Inches 
1 - Flow Field Dimensioned in  Feet 
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Item Format  Column/Option - 
1615 (cont) 75/IOPT( 15) Local Proper ty  Printout 

0 - No Printout 
1 - Pr ing  Local Proper t ies  

80/IOPT( 16) Not Present ly  Used 
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Card 3 

This card contains initial values for  the position vector (REG). This 

vector describes the location of the composite body (IICII) system with 
respect to the exit (IIE1') system. 

reference plane. 

The vector is measured in the exit (''El') 

The position vector (REC) is measured in inches o r  feet. 

Format Column 

6ElO.6 X, Y, Z Components of Position 

1-10 REC(X) (in. o r  f t . )  

11 -20 REC(Y) (in. o r  f t . )  
21-30 REC(Z) (in. o r  ft,  ) 

Card 4 

This card contains initial values for the composite system unit vectors 

(IC and JC). 
tion (IC) need be input. 

erence system. 

For  an axisyrnmetric body, only the unit vector in  the X direc- 
The unit vectors a r e  measured in the exit (llE1l) ref-  

Format Column 

6E10.6 
1-10 

11 -20 
21-30 

Item - 

31-40 

41-50 

51-60 

X, Y, Z Components of JC 

Note: JC values a r e  
not needed for 

JC(Z1 an axisymrnetric 
composite shape. 

JC(Y) 
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Card 5 

This card reads the mole fractions of the flow field gas composition. 
There a re  presently eight of the most common constituients being considered 

and they must be input in  the cor rec t  order. 

must equal one (1). 

The sum of the mole fraction 

Item - Format Column 

8E10.6 1-10 

11-20 

21-30 

31-40 

41-50 
51-60 

61-70 

71-80 

Cards 6A, 6B, 6C, 6D, 6E, 6 F  

C 0 2  mole fraction 

H mole fraction 

H20 mole fraction 

H mole fraction 

OH mole fraction 
CO mole fraction 
N mole fraction 

0 mole fraction 

2 

1 

2 

2 

These cards  contain constants used in the pressure  and heating routines. 

Format 

3E10.6 1-10 

11-20 

21-30 

6A 

Item 

(REFL) - Reference Length (in. or ft. ) 

(REFD) - Reference Diameter (in. or ft. ) 

(DIA) - Molecular Diameter (in. o r  ft. ) 
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6B 

Format 

3E10.6 

3E10.6 

3E10.6 

3E10.6 

Column 

1-10 

11 -20 

21-30 

1-10 

11-20 

21-30 

1-10 

11-20 

21-30 

1-10 

11-20 
21-30 

Item - 
(HO) - Total Enthalpy (Btu/lbm) 

(TW) - W a l l  Temperature (OR) 

(K) - Thermal  Conductivity (Btu/sec*R ft.) 

6C 

(CP)  - Specific Heat at Constant P r e s s u r e  

(EMU) - Viscosity (lbf sec/ft ) 

(RE) - Reynolds Number (Nondimensional) 

( Btu/lbmoR ) 2 

6D 

(HCHEM) - Total Chemical Enthalpy (Btu/Ibm) 
(XTE) - Transfer  Distance f rom Flow Field 

(in. or  ft.) 
Nozzle Throat to  Exit Plane (in. or  ft .)  

(AB) - Characterist ic Area  for  Outs'de of 2 Plume Drag Calculations (in.' o r  ft .  ) 

6E 

(CD) - Drag Coefficient for  Outside of Plume 

(PAMB) - P r e s s u r e  Outside Plume (PSF) 
(TAMB) - Temperature Outside Plume (OR) 

Calculation 
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6 F  

I tem Format  Column - 
3E10.6 1-10 ' (CPMAX) - Maximum Pressure Coefficient 

11 -20 

21-30 

(XSTAG) - Axial Distance f r o m  Subshape 

(DELPHI) - Constant Angular 1nc.rement off 
origin t o  Stagnation Point 

Stagnation Line (used when IOPT(3) 
equals 2) 

Cards 7N 

These cards  identify the type surface (conic, retangular plate, c i rcular  

There w i l l  be as many of plate) and the coefficients of it's surface equation. 
these cards  as there are subshapes, up to  a maximum of 100, 

* Column Item Format  7 

R Plate 
2 

C Plate 
3 

5 K 
11-20 A 

8 2 1 -:30 B 
31-40 C 
41-50 D 
51-60 E 
61-70 XNOSE (in, or ft.) 
71-80 XBASE (in. or ft.) 

Y MAX (in. or ft.) ROUTER (in. or ft.) 
Z MAX (in. or ft.) R.INNER (in. or ft.) 

K = 1 fo r  other then cylinder o r  cone 
= 2 for  cylinder 
= 3 for  cone 

The conic equation is of the form 

XNOSE 5 X <, XBASE 

A n d D A =  RARAPHI.  
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F o r  the circular plate 

DA = R A R A P H I  

the rectangular plate is defined as 

RINNER 5 R 5 ROUTER 

D A = A Y b Z ,  0 1 Y 5 Y M A X  
0 5  Z i Z M A X  

Cards 8N 

These cards  contain the position vectors (RCI) f rom the composite 
s t ructure  to  the subshape origins. 

reference frame.  

shapes, up t o  a maximum of 100. 

RCI is measured  in the composite system 

There will be as many of these cards  as there  are sub- 

Format  Column Item 

3E 10.6 1-10  

11-20 

RCI(X) - X Component of Position Vector (in. o r  ft.) 

RCI(Y) - Y Component of Position Vector (in. o r  ft.) 

21- 30 RCI(Z) - Z Component of Position Vector (in. o r  ft.) 

NOTE: RCI is measured i n  the composite ("C") system and "points" t o  the sub- 
shape origins. 

Cards 9N 

These cards  contain the subshape unit vectors (I1 and JI). If the subshape 
is of the rectangular plate type, both I1 and JI must  be specified, otherwise only 

I1 is needed. 
of 100. IT and JI a r e  measured i n  the composite reference frame.  

There will be one of these cards  for  each subshape up t o  a maximum 

Format  Column Item 

6E10.6 1- 10 II(X), X Component of Unit Vector I 
11-20 I I (Y) ,  Y Component of Unit Vector I 
21-30 II(Z),  Z Component of Unit Vector I 
31-40 JI(X); X Component of Unit Vector J 
41-50 J I (Y) ,  Y Component of Unit Vector J 
51-60 JI(Z), Z Component of Unit Vector J 
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Section 4 

EXAMPLE PROBLEM 
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EXAMPLE PROBLEM 

I. COMPOSITE BODY 

The body is a combination of cylindrical subshapes and truncated cone 

subshapes, 
structure and nozzle. 
geometry. 

The body is designed to simulate a model of the 5-2 engine thrust  

See Figure 1 for  a graphic representation of the body 

11. BODY ENVIRONMENT 

The composite body is immersed in a nitrogen plume generated by a 

This plume has been calculated by model of the J-2 engine 02/H2 burner. 

Lockheed's Method of Characterist ics P rogram (References 2, 3 and 4) and 
stored on magnetic tape. 

cated relative to the model 02/H2 burner exit plane by the following coordi- 

The centerline of the model 5-2 exit plane is 10- 

nat e s ; 

1. Axial Displacement = 13.519 inches 

2. Vertical  Displacement = 9.3877 inches 

3. No displacement out of the X, Y Plane (see Figure 1 for  a graphic 
representation of the composite body location). 

III. GENERAL INFORMATION NECESSARY TO SET U P  PROBLEM 

Body Reference Length = 15.03 inches 

Body Reference Diameter = 7.87 inches 

Average Molecular Diameter = 10 

Total Enthalpy of Plume = 500 Btu/lbmoR 

Wall Temperature = 500°R 

Distance f rom 3rd Subshape to  Stagnation Point = 0.5 inches 

-7 inches 
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IV. DESIRED RESULTS 

Heating rates and impact pressure along the line of maximum impinge- 

ment (stagnation line) are of pr imary  interest. 

V. EXAMPLE PROGRAM INPUT INSTRUCTIONS 

Card 1 

Any run title up to 72 words may be used. llDouglas Comparison of 
Oz/Hz Burner Impinging on J-2" was used for this case. 

This card contains program control options 

IOPT(1) = 1 - composite body is axisymmetric 

IOPT(2) = 0 - continuum and f r ee  molecular heating is desired 

IOPT(3) = 2 - assume each elemental ring in uniform flow at maximum im- 
pingement point 

IOPT(4) = 9 - there a r e  nine (9) total subshapes in the composite body 

IOPT(5) = 0 - full output desired 

IOPT(6) = 1 - flow field is axisymmetric 

IOPr(7)  = 8 - there are presently eight (8) possible molecular species available 

IOPT(8) = 3 - the stagnation point is somewhere on the third subshape 

IOPT(9) = 1 - Newtonian flow is assumed 

IOPT(10) = 1 - only one (1) ring per subshape 

IOPT(l1) = 12 - allow twelve (12) equal angular increments for each ring 

IOPT(12) = 1 - case number (1) 

IOPT(13) = 0 - impingement program units of length a r e  in inches 

IOPT(14) = 0 - flow field program units of length a r e  in inches 
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IOPT(15) = 0 - local property printout not required 

IOPT(16) = 0 - not used 

Card 3 

The composite body reference system may be chosen anywhere on the 

body. For this case, the centerline of the model 5-2 exit plane was chosen. 
Components of the position vector REC a r e  from the centerline of the model 

0 /H 
from the exit I1E1l system t o  the composite t lC ' l  system. 

burner exit plane to the composite body origin. The vector llpointsli 2 2  
(See Figure ). 

REC (X) = 13.519 inches 

REC (Y) = 9.8877 inches 

REC (2) = 0 inches 

The centerline of the model J-2 engine is inclined lQo with respect to  

the model Oz/H2 burner centerline; therefore,  there will be XE and YE com- 
ponents in the unit vector IC. 

IC (X) = ,98481 

IC (Y) = ,17365 

IC (Z) = 0, 

C' Since the model J-2 is an axisymmetric body it is not necessary to  input J 
the program will  calculate it and print it out for .inspection. 
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Card 5 

The model 0 /H burner plume has been simulated by heated N2; there- 2 2  
fore a mole fraction of 1.0 is input in the column for  N2 (Col. 61-70). 

Card 6 

6A 

REFL = 15.030 inches - the axial length of the model 5-2 engine 

REFD = 7.87 inches - the model 5-2 exit diameter 

DLA = inches - arbi t rar i ly  chosen to  assure  continuum flow 

6B 

Ho = 500 Btu/lbmoR - total  enthalpy of plume 

TW = 500°R - wall temperature 

K = 0 - calculated by program 

6C 

C = 0 - calculated by program 

EMU = 0 - calculated by program 

RE = 0 - calculated by program 

P 

6D 

HCHEM = 0 - no  chemical enthalpy 

XTE = 0 - origin of 02/H2 plume already at exit plane 

AB = 0 - not required for  this calculation 
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6E 

CD = 0 - not required for  this calculation 

PAMB = 0 - medium outside plume is a vacuum 

TAMB = 0 - medium outside plume is a vacuum 

6 F  

CPMAX = 0 - not required unless IOPT(9) = 2 

XSTAG = .5 inches - distance f rom origin of 3rd subshape to  stagnation 

DELPHI = 0 - lSt angular calculation desired at maximum impingement 

point 

point. 

Card 7N 

The composite body consists of nine (9) subshapes. The f i r s t  two a r e  
cylindrical, simulating part  of the J-2 thrust  structure,  and the last seven 
(7) are truncated cones, simulating the model J-2 nozzle. 

All nine equations are of the fo rm 

Ri = DiX f Ei ;  nose 5 x I Xbase X 

and a r e  represented by the type 1 (CONIC) equation; therefore, a (1) appears 

in Col. 1 for all nine. 

The two cylindrical subshapes are 2.5937 inches in  radius and are 1.0 
inches long, therefore; 
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A1 = 1.0 A2 = 1.0 

B1 = 0 

c1 = 0 

D1 = 0 

El = 2.5937 

= o  
xN1 

= 1.0 
xB1 

B2 = 0 

c2 = 0 

D2 = 0 

E2 = 2.5937 

XN = 0 
2 -  

x' = 1.0 
B2 

The f i r s t  of the next seven truncated cones is 1.35 inches long and the 

last  six a r e  1.0 inches in length; therefore, 

A3 = 1.0 

B3 = 0 

c3 = 0 

D3 = .1936 

E3 = 1.76 

= -.35 
xN3 

= 1.0 

A4 = 1.0 A5 = 1.0 Ab = 1.0 A7 = 1.0 

B4 = 0 B5 = 0 Bg = 0 B 7 =  0 

c4 = 0 c5 = 0 c 6  = 0 c7 = 0 

D4 = .16 D5 = .16 D6 = -1089 D7 = .0729 

E4 = 2.2 E5 = 2.6 E 6  = 3.0 E7 = 3.33 

= o  
xN4 = O  xN5 = O  x N 6 = o  xN7 

xN7 = loo 
= 1.0 XB = 1.0 XB = 1.0 

xB4 5 6 
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A8 = 1.0 

B8 = 0 

c8 = 

D8 = .04 

E8 = 3.6 

= o  
xN8 

xB8 
= 1.0 

Card 8N 

A9 = 1.0 

B9 = 0 

c9 = 0 

D9.= .0169 

E9 = 3.8 

= o  
xN9 

x = 1.0 
B9 

All the subshape origins lie on the composite system axis and a re  only 

displaced some distance RCI(X). The magnitude RCI(X) indicates the ab- 
solute distance f rom the composite system to each subshpae system. For  

this case, a l l  subshapes a re  "upstream" of the composite system axis and 
therefore in a negative X direction (positive x in the composite system is in 

the direction of flow) 

RCI(X)l = -9.35 in. RCI(Y)l = 0 RCI(Z)I = 0 

RCI(X)Z = -8.35 in. RCI(Y)Z = 0 RCI(Z)Z = 0 

RCI(X)3 = -7.0 in* RCI(Y)3 = 0 RCI(Z)3 = 0 

RCI(X)4 = -6.0 in. RCI(Y)$ = 0 RCI(Z)4 = 0 
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RCI(X)8 = -2.0 in. RCI(Y)8 = 0 RCI(Z)8 = 0 

RCI(X)9 = -1.Oin. RCI(Y)9 = 0 RCI(Z)9 = 0 

Card 9N 

All subshape origins are eo-incident with the composite sys tem origin 

and all subshapes are axisyznmetric; therefore, only the X component appears  
in each unit vector (11) and only (11) need by input 

I1(X) = 1.0 I1(Y) = 0 I1(Z) = 0 

IZ(X) = 1.0 12(Y) = 0 IZ(Z) = 0 

13(X) = 1.0 13(Y) = 0 13(Z) = 0 

14(X) = 1.0 14(Y) = 0 14(Z) = 0 

I&X) = 1.0 I ~ ( Y )  = 0 I ~ ( Z )  = 0 

17(X) = 1.0 17(Y) = 0 17(Z) = 0 

18(X) = 1.0 18(Y) = 0 18(Z) = 0 

19(X) = 1.0 19(Y) = 0 19(Z) = 0 

This completes the example problem input. Results of the computer 

run  described here have been converted into graphical f o r m  and are com- 
pared to test data in Reference 1. 
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